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One- and two-phonon capture processes in quantum dots

I. Magnusdottir,? A. V. Uskov,” S. Bischoff, B. Tromborg, and J. Mark
COM, Technical University of Denmark, Bldg. 345w, DK-2800 Kgs., Lyngby, Denmark

(Received 10 July 2002; accepted 12 August 2002

Multiphonon capture processes are investigated theoretically and found to contribute efficiently to
the carrier injection into quantum dots. It is shown that two-phonon capture contributes where
single-phonon capture is energetically inhibited and can lead to electron capture times of a few
picoseconds at room temperature and carrier densities Yf B 2 in the barrier. ©2002
American Institute of Physics[DOI: 10.1063/1.1512694

I. INTRODUCTION single energy level. The rate equations for the occupation
probability, p, of a single QD state and the 3D carrier density,

Quantum-dotQD) lasers with record low-threshold cur- n, are then written as

rents have now been realized in several laboratbriesith
self-assembled QDs. Carriers in such lasers are electrically dp

pumped into layers around the dots. Thereafter, they are cap- §t R(1=p), @
tured into the dots and relax via the excited QD energy levels

to the lower-lying lasing levels. The properties of such lasers d_n — —2RNp(1-p) @)
thus rely on efficient carrier feeding to the active QD states.  dt D Pl

The processes involved, carrier capture into the dots and i
tradot relaxation, have been under extensive research duri
the past decade, both experimentally and theoreti¢alf.

I?/Y/hereND is the number of quantum dots per unit volume.
"Ebr p<<1, the rateR gives the mean number of carriers en-
etering the QD state per unit time. It can be measured, in
Earticular, in time-resolved photoluminescence experiments
the photoluminescence rise times 1/R. Below, 7 will be
denoted the capture time. The factor of 2 in E2).is due to
sfpin degeneracy of the QD level. In Eq$) and (2), spon-
Yhneous recombination is neglected for simplicity as it is ex-
ected to take place on a much longer time scale, and only
&fms involving the capture process are included. Equation
) can also be expressed in terms of the QD carrier density,
2Npp (factor 2 due to spin as

considered; via carrier—carrier interaction(Auger

processes®*4or via carrier—phonon couplinty’1°12In

Ref. 7, capture of a carrier from the wetting lay®vL) to

the first excited state in a cone-shaped dot, via emission
one longitudinal opticakLO) phonon, is found to exhibit
strong resonances versus dot size. At resonance, the proc
is shown to be efficient, leading to short capture times in th
picosecond range. In this article, we investigate capture of ©
carriers from states in the continuous bulk energy spectrum®
into the discrete states of QDs via emission of onévo LO dngp

phonons. Expressions for the single- and two-phonon capture gt 2RNp(1-p). )

rates will be derived. Two-phonon capture will be shown toW il show | in thi icle that for | d 3D
be efficient for states lying too deep for carriers to be cap- € wills ovxlllater In this artlget at for low to mo -eratg
arrier densities), the rateR is, to a good approximation,

tured in a single-phonon process and we will study the rolé .
of the different intermediate states in this kind of capture. Weoroportlonal ton:

will show that two-phonon capture processes can lead to A

electron capture times of a few picoseconds at room tem- R= M 4
perature and carrier densities of-1@m~3 in the barrier. We o _

are not aware of any other investigations of two LO-phononvhereA is independent oh. In this case, Eq(2) becomes

mediated capture processes in QDs.

n
a=—AND”(1—p), )
II. MODEL
dn n
The capture of carrieréelectrons or holasfrom three- T T—c(l—P)- (6)

dimensional(3D) states in the continuous part of the energy . . )
spectrum into discrete QD states via emission of one or twé Ed- (6), we have defined the effective capture time
phonons can be described by a set of rate equatforée 1

assume that all the QDs are identical, each containing a T—=AND. (7)
C

a o It is important to note that, depends on the 3D density of
Electronic mail: im@com.dtu.dk . . . L
bAlso at Lebedev Physical Institute, Leninsky prospect 53, 117924 Moscowzdo'[SvND , Whereasr is the property of a smgle dqt, e, ltis
Russia. independent oNp . The effective capture time, is an es-
0021-8979/2002/92(10)/5982/9/$19.00 5982 © 2002 American Institute of Physics
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mixed character, localized in the QD and extended along a
two-dimensional2D) remnant layefRL). The detailed con-

Contimious sideration of phonon modes in QD structures can be neces-

_____

ity el spectrum sary, in particular, for a theoretical explanafibrof reso-
thoj Py nance features in the PL spectra at low temperatures, which
Faie L I:> LO phonon are attributed to carriers in the RL in an excitonic state of
definite discrete energy. In this article, we concentrate on QD
_Quantim. dot levels structures (GaAs/AlGaAs?? for instance, and QD laser

structure$™3), where the material characteristics that define
FIG. 1. Single-phonon capture process. A carrier in the continuous part ofhe spatial distribution of phonon modes do not differ signifi-
the spectrum is captured into a QD energy state, thereby emitting one L@antly in the QD and the barrier material. For such structures,
fhhongn of energi w0 Energy of the incident carrier is denotedyand o 11 model for phonons has provided a good description

e binding energy of the QD stateds . .

of dephasing rate€:?® polaron effect$’ and capture

processe$. Note, also, that LO-phonon carrier relaxation
sential parameter in laser dynamics, e.g., through nonlineaates in quantum wells do not differ significantly, when cal-
gain’®" In the following sections, we will derive expres- culated by either using bulk or confined LO phonéngur-
sions for the capture timeand estimate the effective capture thermore, we are mainly interested in the carrier dynamics of
time 7. in single- and two-phonon capture processes. In genQD lasers at room temperature. Therefore, we neglect also
eral, the rate of carrier capture into an empty QD state ofxcitonic effects of carriers in the continuous spectrum. The

definite spin can be written as Hamiltonian for the carrier-LO phonon interaction is given
by?®
R=2 w(k)f(ey), ® ) -
V=2 (Va4 VEm), (10
wherew(Kk) is the probability per unit time that the transition 4

will take place for a carrier in the continuous part of the
energy spectrumk being the carrier wave vectof.is the

Fermi distribution of the thermalized electron distribution
ande, is the energy of the incident carrier. \“/gbs: C.e'9"a, (11)

where V3" and V§™ correspond to phonon absorption and
emission, respectively. They are given by

A. Single-phonon capture Vem=CcrelaTal, (12)

~ The single-phonon-mediated capture progest emis- whereC, are the polar coupling coefficients for carrier—LO
sion of one LO phononis illustrated schematically in Fig. 1. phonon interaction anﬁq(ag) is the operator of annihilation

The probability that the carrier is captured into a QD state by(creatior) of an LO phonon with wave vectay. The cou-
emitting a phonon of wave vectay can be expressed with pling coefficient is given by

Fermi’'s Golden Rule:
| o2
2T . 2 LO
= 2 —E Cyli=——, 13
w(k, @)= —=|V"(Q)28(E~ Ey), 9) ol = e 0 (

whereE,(E;) is the energy of the initialfinal) statek is the  whereZw g is the LO phonon energye is the electronic
wave vector characterizing the carrier state in the continuousharge,{) is the normalization volumes, the permittivity

spectrum V™ is the Hamiltonian for phonon emission and constant, and

VEM(q) is the matrix element of/®™ between the initial and 1 1 1
final state. It has been shoff that carriers in discrete QD —_—= (14
states can couple strongly to LO phonons, forming polarons. ¢ = ¢

The formation of pOlaronS can Strongly affect carrier reIaX'Where 800(8) is the high-frequenc“statio dielectric con-
ation in QDs. This analysis has been extended to the inteistant. Note that spin is conserved in a phonon-capture pro-
action of carriers in quasibound states with LO phoridns cess. Therefore, Eq8) does not contain a sum over spins.
where we have shown that polarons can also be formed with | this single-phonon capture process, the initial and fi-
carriers in qUaSibOUnd states. HOWeVer, in this article, WQ]a' phonon states d|ffepn|y in the number of phonons in
consider carrier capture in the framework of standard perturmodeq

bation theor§® and neglect the influence of quasibound ‘

states on the carrier capture, so that the initial carrier states in - ng=ny+1, (15

the continuous spectrum are described with plane wésess
below).>"*3 We use a bulk model for the phonon modes,
although the phonon spectrum and phonon modes in semi- 20 _

conductor nanostructures can be modified in comparison W(k, Q):7(”"_1)|Cq|2|<d|eilq'r|k>|25(8k_thO
with bulk semiconductors. For instance, it was shéwthat

the LO-phonon modes in CdSe/ZnSe QD structures are of +eg), (16)

so that
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whereeq is the QD level binding energyk) is the initial e
carrier state in the continuum aid is the final carrier state \/ 7 =0,
(in the QD. The onset of the continuous energy spectrum is ~ d3b(e)= “Lo (24)
at the QD barrier. We have averaged over the equilibrium 0, £<0.
phonon distribution in the initial statg), which gives the L -
factor (n+ 1) with d3p has the property thatlzP(si5) =1 when a new level
appears in the QD andii(£5) =0 when the level becomes
— 1 too deep for single-phonon capture to be possible. Expres-
- W' A7 sjon (21) can then be simplified further by writing
A T R=R;Pd3R (e f(erd). (25)
It is assumed in Eq(16) that the LO phonons have zero The factorR3P is given by
dispersion. The probabilityy(k), is now obtained by sum- ) dle=ia K.y |2
ming over all emitted phonon modes, RLP— n+1 e_Ks [(dle ko)l (26)
0 (47)%h €08r 4K q?
w(k)=§ w(k, q) (18)  wherex fulfills #w o=%2x%(2m*). This factor, therefore,

gives information about the interaction through the ampli-

20 _ tude of the carrier—LO-phonon interaction matrix element
W(k)=7(”+1)2 |Col?(dle”'9"|k)|[?5(ex—iw o and has the unit of & as the capture rate. As described

a above, the initial state in the barrier can be modeled by a

+eq). (190  plane wave:"3
H 1

R=§ w(k)f(ey)

This approximation neglects the influence of scattered waves
in the QD and hence, in particular, the quasibound states

2T — hw,_oez over the dot are not seen.
AU P > e
r
(d]e~ 19 T]k)|2 B. Two-phonon capture

skg)f(sk)E T — (20 Capture via emission of two phonons has the advantage
9’ that it can take place to states with binding energigshat
fulfill 0 <ey=2hw o, Whereas single-phonon capture can
DonIy take place for &K ey<hw . For the two-phonon cap-
ture, the transition probability can be written as

wheree =% w o—e4 and we have inserte,|? from Eqg.
(13). It is useful to write the capture rate in terms of the 3
density of states. We rewrite E@O) in terms ofgsp, the 3D
density of state$DOY9),

w(k)= > w(k, gy, 0y, (29)
2w —  foee’ d1.0z
R= 7(n+1) dege, wherew(k, g1, g») is the probability of carrier capture via
d i q >|2 emission of two phonons with wave vectogs and Q5.
dle”"""|kq Second-order perturbation theory gitt&ee the Appendix
XgaoletDi e S T 2y P Y giveesee the Append)

1
q.kg q2

27 —
W k, y = — n+ 1 2
wherek, fulfills eif=#2k3/(2m*) and the summation over (ko G, Go) =7 (n+1)

ko, denotes an integration over the directions of the vector

e MqZMq1+Mq1Mq2
Ko. is given b fo " vi fo " vi
0-93p 1S9 y qucqzz P, | S(ey
m 2 g hw ot 29
_ ) 22 g2 woteq), (29
9aole) = 0 s<0 (22) where the summation is over intermediate carrier states,

which either belong to the continuous energy spectrum or the

discrete QD spectrum. The matrix elements are given by
Furthermore, a dimensionless “DOS” can be defined in

— —ig-r
terms ofgsp: f,=(dle”"T7Z,),
MY =(¢ e ia k),
m* Zm hwl_o v <é’V| | >
J3p(e)= 272 3B(e), (23)  where|¢,) denotes an intermediate carrier state apds the
& energy of the intermediate carrier state. Figure 2 shows the
where two-phonon capture process, where capture via the different
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_ ho o221
+1)2( ®Lo )

2g08, &

x; f(e) 8ey

d2p g 91 A1y 92| 2
1 MfVMVi+MfVMVi
—eid) > S : (3
d1,92 qqu v Ex—¢&y (0] Ne)
|2) :
where e2)=2%w o—e4 and we have insertefCy|? from
2hwro Eqg. (13). This expression can be rewritten in terms of the 3D
DOS in the same manner as Eg1) was obtained
— |f> . |f> 27T — 2 hﬁ)Loez 2
R=—(n+1)? ——
h depe,
\
(@) o " X g2 (2 5mr
27Q)
FIG. 2. Energy diagram ik space of the two-phonon capture process via dz ql a1
different intermediate carrier statps). Dashed lines indicate that a carrier 1 2 M M +M va vi
is not actually transferred to an intermediate stéte.and |f) denote the X K 2| < 2p_ _ 4 ) (32
initial and final state(a) shows a contribution to the capture from an inter- dub2:%0 0103 ko & ®Lo0

mediate continuous state atfg} shows a contribution to the capture from an .
intermediate discrete state. Initial and final states can also serve as interm‘@llf]er(_a thpf sum oveko qenOteS' a_s before, an Integr,al ov_er
diate states. Discrete energy levels do not have any definitet are, for ~ the directions ok,. This expression can also be written in

illustration purposes, shown here with a finite extensiok space. terms of a dimensionless DOS
2
=REPA3R(sED f (5D, (33

intermediate states is illustrated schematically. Intermediatéhere
states are depicted with dashed lines since the carrier is not 2\ 2
actually transferred to an intermediate state. R2P= M( € )
It should be emphasized at this point that the above for- V2(4m)2h \ €08y
mula (29) is valid in the case where the denominator in the
sum,e—¢e,—hw g, IS not too close to zero. The condition
ex—¢&,=hw o corresponds, in fact, to a cascaded emission
of LO phonons, which cannot be treated perturbativisie
Ref. 27 for a detailed treatmeniVe restrict ourselves in this
article to calculating two-phonon capture rates to states with
binding energiedi v, o<eq<2hw o, Where single-phonon
capture processes are prohibited. Due to the energy conséfhe dimensionless DOS for this two-phonon capture process
vation expressed with theS function in Eq. (29), &y is defined as
=2hw o— &4, We have that & e, <% w g and, in that case,

1 1
X Kstho ~ 2 5 5
Q q;7g.k qfq%

quMql+ MQ:LMQZ 2
2 fo " v fo " i
2

v Skg_sv_ﬁwLO ‘

X (34

there is not a possibility for a cascaded process via an inter- [ & £=0
mediate carrier state in the continuous energy spectrum. d2P(e) = 2how o (35)
However, a cascaded process can occur via intermediate dis- > 0 £<0

crete carrier states, if such a state is situdtegy below the
initial carrier state. Such a situation only takes place for very

which is analogous to the definition cnflpD in Eq. (24).
specific values of confinement potential, dot size, and parg2 B(e20) is equal to unity when a new level appears in the
ticle mass and we will avoid this particular situation in this d5p(eid 9 y bp
article. QD and becomes zero when the level becomes too deep for

. two-phonon capture to be possible.
From Eg.(28), we obtain P piure po .
For capture via intermediate continuum states, we have

the selection rule

27 —
W(k): 7(“4‘1)2
M?}i: 5k,k,,+q' (36)

sz q1+ MqlM dz| 2
vi

% E C.C 2 since the incident carrier wave function is described by a
1.0z 474 ex—e,~ o | plane wave(27). This implies crystal momentum conserva-
X 8(er—2hw o+ £g) (30) tion in the_z continuum. With this s_electior_1 rule, th_e matrix
K LO™ &d/ elements in the sum involving continuum intermediate states
Using Eq.(8) we now obtain for the capture rate are given by
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200
M{2M 3t =F(k—01—0y), (37) ol © Jo— n=1
MM Z= MM, G — =2
: ) £ 1401 o
where F(k—q,— Qo) =1/Q[dr¥% (r)e—a-a 1 with = oy
this definition,R3” becomes 2 e
_ S 1000 yﬁ n=3
(n+1)2 [ e®\2 1 1 o 8of-
Rgpz —2 K3ﬁ wLOﬁ E ) % ok~ u:a 275;(«)[40
V2(47)%h \ g8 41.92:k0 070> £ :
M0 40} : “K thO
F(ko_ql_qz) N F(ko_ql_qz) 71 SR ............. e 2 "OQ S I X pﬁ“— n=4
Bk, Ekp—q, M@0 Ek, T Eky—g, MWLO 0 5 ab radi&g ol 20
MQzMQ;+MQ1MQ_22 L . . . -
n z f; vi fr'ly ’ (39) FIG. 3. Binding energy of an electron in a spherically symmetric and finite

potential as a function of the QD radius. Results are shown for angular
momenta/ [0, 4]. The horizontal lines indicaté w, o (LO phonon en-
where P, stands for the quantum numbers describing inter£rgy and Ziw . A carrier can be captured into states with binding ener-

Py skg—s,,—ﬁwLo ‘

. . gies below. w o in the case of single-phonon capture and beldwwg, in
mediate discrete QD states. the two-phonon capture case. Quantum numbés shown for/'=0 for
C. Quantum-dot wave functions and energy levels illustration. For instancen=1 is the first/'=0 state to become bound,

=2 the second, etc.
In a real situation of self-assembled QDs, the dots are

formed on the interface of two lattice-mismatched materialsb-
The dots’ shape is in many cases believed to be a truncateds g\ there is no bound state in the dot. This is in con-

428 : ; .
pyramid;® coupled to a common two-dimensional layer; thetrast to the case of quantum welBWSs), where at least one

vyettiqg layer. Carriers are captured into the dots primarilyState is bound. Due to the spherical symmetry, QD states can
via this 2D layer. Moreover, the QD energy spectra and WaVe characterized by an angular momentum quantum number

functions are strongly modified due to the presence of strainy 0 azimuthal quantum number, and spins. Each level

in these structuré$3and, in fact, the precise size and shape i 2(2/+1) degenerate Instead of determining the cap-
of dots is not known. The purpose of this article is to inves-,[/ure rate/,/Ri _into each s.tate/(, m, s), we define an ef-
tigate two-phonon capture processes and the time scale QBctive captlﬂe rate

which these occur in comparison to single-phonon processes. .
To achieve this purpose, we use the spherical model of a QD : s
with finite confinement R/:Zm;/ RO m: (42)

nding energy as a function of the QD radius. Up to

0, r=a, for which 7,=1/R, is the photoluminescence rise time of a

V(r)= Vo r>a, (40) given level/. The factor of 2 arises from spin degeneracy of
the QD level. It should be emphasized that rate equdtipn
whereV,>0 anda is the QD radius. In this case, the wave describes occupation probabilipyof a givenstateand ex-
function for bound QD states is given by pression(42) cannot be inserted into rate equations of the
form in Egs.(1) and(2). If p$ . is the occupation probability
V(N =Y7(0, $)Gn(r), 4D of a state ¢, m,s), we hav/ém
whereY? are the spherical harmonics and the radial part of
the wave function,G,,, can be expressed through the
spherical Bessel functiofsee, for instance, Ref. 30The
numbern stands for thenth level of angular momentuni,  and the rate equation far includes contributions from all
which becomes bound to the dot. The quantum nuntber states ¢, m,s);
should not be confused with the carrier density. Note that the
. . . . : an
spherical model is explored effectively in modeling of = —2Np > R, (1= p ). (44)
) ' :

s
/. m

RS (1 pE), @3

chemically synthesized colloidal QDs, which have a spheri- 9t

cal shape, and on which gain has recently been obtaf&d. In Eq. (44), we have used thaR;l/ZZ R;l/z= R, ., and
. ' m /m — ms

hence, the factor of 2.
Ill. RESULTS

The material parameters are chosen to be those of bulf(" Single-phonon capture

GaAs. The phonon energy is set to be o=35meV. The The single-phonon capture time for the individual angu-
carriers are assumed to be electrons of effective malss lar momentum states;, i.e., 7, is shown in Fig. 4 as a
=0.07my, wherem is the free-electron mass. The confine- function of QD radius. Capture to states of all within
ment potential is set to bé;=200 meV(close to the value #Aw o from the QD barrier is possible; results fof

in Ref. 33. Furthermore, unless otherwise stated, we Tise e[0, 4] are shown. It is seen that there are bands of dot radii
=300K andn=10' cm 3. Figure 3 shows the calculated where phonon-mediated capture is allowed, consistent with
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=0 —e— o 1p: i=0, n=1' —O—
=1 -l . " 2p: =0, n=1 —e-—
=2 e ! o 1p: =1, n=1 A
— =3 —= ; — | 2p: =1, n=1 &
2 =4 & : 2 i 1p: I=1, N=2 -
Q. ! k=1 | : 3
= i o o 2p:l=1,n=2 &%
s NS 5 !
2 .- ; . 2 J
S LW 2T SN SRR LY
¢ f A X
4.: S L e PN Py 80l
0.1 : ? : 0.1 : :
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
QD radius [nm] QD radius [nm]

FIG. 4. Single-phonon capture time, as a function of QD radius for FIG. 6. Two-phonon capture time, (labeled “2p”) as a function of QD

angular momenta’ [0, 4]. T=300K andn=10""cm™3. radius into the QD levels’=0,n=1 and /=1 with n=1, 2. Single-
phonon capture timeflabeled “1p”) into the same states are shown for
comparison. Two-phonon capture int6=0,n=2, 3 cannot be shown,

other results. The bands are seen to nearly cover the dot §i2$e'C§T;tihftc",fréfgi’j“t;ejgp(;":;2@?;"?323”5‘,Z”Qﬁ;‘,fiiéfvpc??a'f’” of energy

range apart from two narrow gaps on the lower radius side.

The lower end of a radius band=a,,,, is defined by the the radius band is broader, 2.5 nm wide, while it is less than

appearance of a new level in the QD to which capture may. nm wide forV,=200 meV. Ther dependence on QD ra-

take place. The increase inat this end essentially follows dius is thus less pronounced.

the decrease iR3P asa—a,-. In this limit, the “volume” The dependence of the capture rate on temperature for

of the QD wave function tends to infinity due to the weakerfixed carrier density is shown in Fig. 5. The temperature

binding to the dot andR}" decreases. The rate approachesdependence occurs via the phonon and Fermi distribution

zero at the higher end of each radius bamdapproaches functions as

infinity) beyond which the binding energy of the level is 1py =

larger than the phonon energy. The abrupt increase ai Rr~Tf(eo) (n+1). (49)

this end can be explained in terms of the DOS of the incidenthe behavior of the capture time with temperature follows

carrier ass;—0" [see Eqs(24) and (25)]. The capture mainly the behavior of the Fermi factor, since the phonon

times are typically of the order of 0.2—0.3 ps at the radiuspopulation factor varies slowly. At low temperatures, both

band minima. In general, our results obtained with thef(g1p) andn are nearly zero, giving infinite capture times. At

spherical QD model are close to the results of Ref. 7 for ar g K, the capture time reaches a minimum. At low and

cone QD. . moderate carrier densities, the minimum occurs at the same
We have also considered the dependence of the captufgmperature. The capture time stays approximately constant

times on confinement energy. We decreased the confinemepf~ o 3 ps) for temperatures above50 K.

energy by a factor of 2yYy=100meV, and calculated the

capture times for the first=0 band. The capture time mini- B- Two-phonon capture

mum is found to be similar to the Case\¢$:200 meV but In F|g 6 we ShOW the two_phonon Capture t|me Of an

electron,r,, along with the single-phonon capture time from
Fig. 4 for comparison. In general, the radius bands for two-

3 : : : phonon capture processes are more than two times as large as
1 : : : : : the corresponding band for single-phonon capture as the
2.5 R SRR S ST Feoseeineis - N ) ) i |
slope of the binding energfFig. 3) decreases with increas-
A R AL W S SR B ing radius. Here, we restrict ourselves to capture into states
Y that have binding energyw, o<eq<2h w o and for which
Epsbd ot _ the perturbative approach is valid. One can see that the cal-
'é' culated two-phonon capture times intc=0,n=1 and/
=20 1 R S SN SO S S =1,n=1 levels are of the order of some picoseconds at
g =10 cm™3. This is approximately an order of magnitude
00.5 ......................................................................... | longer than the single-phonon capture times into these states.
: : : The two-phonon capture time into thé=1,n=2 level is
0 ; ; H ; close to 1 ps, which is only slightly longer than the single-
o 50 100 150 200 250 300 phonon capture time.
TIKI We have investigated the influence of the different inter-
FIG. 5. Temperature dependence of single-phonon capturedinteto the ~ Mediate states on the total carrier capture rate by “turning
second/=0 band, an=8.7 nm.n=10""cm 3. off” contributions from other states. This analysis has been
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performed for the the first radius band=0,n=1, where a 0.2 — ons
single energy level is present in the dot. For instance, at a aser |=1,0=2
binding energyey~2fw, o, the contribution from con- = I=2,n=2
tinuum intermediate stateg$neglecting spin degenergcy
gives a capture ratR=2x 10" s (r=5 ps) and the cor-
responding contribution from the state itself givBs=4
x 10! s71. However, the total capture rate, with all contri-
butions included, is smalle®=8x10'° s™! (7=12.5ps).
This suggests that destructive interference between the two
contributions takes place. Mathematically, this can be ex- :
plained by the difference in sign of the denominator in Eq. 0 10 20r[nm]30 40 50
(29 corresponding to the different contributions. The de-
nominator corresponding to continuous intermediate states is FIG. 7. Radial wave functions at=13.1 nm.
always negative. Denominators for discrete intermediate
states can be either positive or negative depending on the
relative level position, the crossing point from negative to ~ The discussion above shows clearly that the total capture
positive occuring when an intermediatdiscret¢ state is rate depends strongly on the interference between contribu-
ﬁwLO above the state to be Captured into_ The interferencgons from the diﬁerent intermediate states. The Character Of
pattern becomes more complex as more states become bouth interference can to a large extent be identified by the sign
to the dot and is expected to depend strongly on the energ‘?/f the denominators of the different terms that enter into the
separation between the different dot levels. capture ratgsee Egs(29), (33), and (39)]. Therefore, an
The case of capture into thé=0,n=2, 3 band cannot increase of possible intermediate stategs notecessarily

be shown since, in this case, there exist discrete intermedialg@d 0 @ simple increase in the capture rate. Furthermore, the
carrier states lyindiw,, above the state to be captured into contribution of an intermediate state depends strongly on the
(see Fig. 3 In this case the perturbative approach that weoverlap of its radial wave function with the radial wave func-

have chosen here is no longer valite discussion in Sec. II tion of the final ;tate. This was shown in the case of carrier
B). capture into the/’=1,n=2 level.

The capture time dependence on carrier density is shown
in Fig. 8 for single- and two-phonon capture into the first

and the level = 1. Performing an analysis of the contribution /=0 band(see Fig. § The density dependence occurs via

from different intermediate states in this situation shows thafhe Fermi filling of the energy Iev_e_l of the |nC|den_t carrier. At

althouah the matrix elements corresponding to different in_ow and moderate carrier densities, the Fermi distribution
9 . b 9 %pproaches a Boltzmann distribution,

termediate states are approximately of the same order, th

contribution via continuous states is the most dominant. This n D( £y )

is explained in terms of the denominators; the ones corre- fB(Sk)zﬁ_ ex _kBT
3D

e TSNS ]

In the case of capture into 4 1, n=1 state, two states
are bound to the dot, dn=0 state lying deep within the dot

(46)
sponding to the discrete intermediate states are equal to or
larger thanfw o while the denominator for continuous
states is small and negative. In this particular case, interfer-
ence between continuous contributions on one hand, discret ~ 19° Single-phonon, a=3.3 nm —@—
on the other, is negligible as the calculations show that they ) Two-phonon, a=4.2 nm -G
are 7r/2 out of phase. )
In the /=1,n=2 band, a local decrease is seen in the
capture time aa=12.8 nm, found to be associated with the
binding of the/=2,n=2 state. However, no decrease is
observed in the capture time with the binding 60, n
=3 ata=13nm. This can be understood in terms of overlap
of the different radial wave functions with the final state
wave function. The radial wave functions are shown in Fig. 7
ata=13.1nm.G,, andG,, have the same number of nodes
and behave very similarly. Hence, their overlap is very good,  0.01
A : . . 1e+16 1e+17 1e+18 1e+19
resulting in the local increase in the capture r&dgs is out ) ] 3
of phase with those functions and, therefore, does not con- Carrier density, n [cm ]
tribute significantly to the capture rate. No step is observegg. g. pensity dependence of single- and two-phonon capture timées
in the capture rate intg'=1,n=1 as no new state becomes two different dot sizes in the first=0 band. Ata=3.3 nm, only the single-
bound in the dot in this band. We have limited the number offhonon capture can be calculated with the perturbative formula for the cap-
intermediate states to those withe [0, 5]. As the first/ I:Li’éf]tr:,‘tgéﬁon 'zé' t;;%Z%’?Z?gﬁozﬁgigsb;ﬂfggiTgﬁ2?13'/2 fooremé
=6 state becomes bound at=15.4nm, we only show re- gjngie-phonon capture and for the two-phonon captusé=1.9
sults up to this QD radius. X 1078 cm/s, i.e., one order of magnitude smaller.

10

Capture time, 1 [ps]

0.1
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Nap=2[M*kgT/(27%2)]%2 being the 3D density of states. found that the two-phonon capture times infe=0,n=1
At these densities we can, therefore, define and/=1,n=1 levels are of the order of some picoseconds

atn=10cm 3. This is an order of magnitude longer than

R=An, (47) the single-phonon capture times into these states. The two-
as was already stated in Sec. Il. The coefficichtare ex- phonon capture time intg’=1,n=2 is about 1 psat n
tracted from Fig. 8. The value for the single-phonon process= 10" cm™2), which is slightly longer than the single-
is A1P=3.8x 10 Scnms !, andA2P=1.9x10 % cm®s ! for phonon capture time into this level. The two-phonon-
the two-phonon capture. The effective capture time can nownediated capture has thus been found to contribute effi-
be evaluated from Ed7) using the calculated values for the ciently in situations where single-phonon capture is
A coefficients once dot densityi, has been estimated. In energetically not allowed.
QD-based devices, several layers of dots are grown to in-
crease their gain. To estimate a typical valueNy, we
assume that the interlayer distance is about 20 nm. For ACKNOWLEDGMENTS
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the capture cross section as

R=onvr, (48 APPENDIX: DERIVATION OF THE TRANSITION
where vy is the thermal velocity of the electron gas. By PROBABILITY OF CAPTURE VIA EMISSION OF TWO
comparing Eq.(48) with Eq. (47), we obtain thair'P=1.5 LONGITUDINAL OPTICAL PHONONS
X 10712 cn? and 0?P=7.5x 10 14 cn?. The latter value is

close to an estimate in a calculation of gain dynamics in QDderivation of Eq.(29), i.e., the transition probability that a

lasers®* e . oC
. . . carrier with wave vectok is captured by emitting phonons
At very high carrier densities, the capture rate saturates ., . o2 T
S R with givenwave vectorg); andq,. The probability is given
due to the saturation in the Fermi filling factors. As seen : )
by second-order perturbation thedfy:

from Fig. 8, this occurs at nearly the same carrier density for
the two different processes. This arises from the fact that the 2|« VEMVem?2
> E_g | dex—2hwoteq),
i~ Ev

The purpose of this Appendix is to give the details in the

captured carriers have nearly the same energy} ( w(k, g1, q2)= 7|4
=12.8meV ands2)=11.4meV) and the Fermi filling be- (A1)
haves, therefore, in a similar fashion.

where the states, for whick;, andV ,; are different from
zero, are referred to dastermediatestates. The Hamiltonian
IV. CONCLUSIONS for emission of two phonons is given by

In conclusion, we have calculated capture times in two \“/em(ql, Q2)=C§ e*iqlwég +C§ e ity
LO-phonon-mediated capture processes. The dependence on ' v
dot radius, angular momentum quantum number, and carri@@ndE;(E,) is the energy of the initialintermediatg state. In
density has been investigated. The case of single-phonoithis two-phonon capture process, the carrier relaxes through
mediated capture has also been analyzed and the radig® intermediate statéy), where its electronic part is either a
bands, where single-phonon capture is allowed, were identstate in the continuous part of the energy spectiag, or a
fied. For a typical carrier densitg=10'" cm 2, the minima  discrete QD statdd,). Hereafter, intermediate carrier states
in single-phonon capture times were typically found to lieare labeled{,). The states involved in the process are la-
between 0.2 and 0.3 ps. In general, the radius bands in tHeled as follows:
two-phonon capture case were found to be more than two ;.\ _ [
i : : [y =1k} {ng}).
imes as large as single-phonon radius bands. We have cal-
culated the two-phonon capture times in the regions where |f)=|d>|{ng}>, (A3)
single-phonon capture is not possible. The role of both con-
tinuous and discrete intermediate carrier states in two- |”>=|§v>|{ng}>'

phonon capture was investigated. The importance of the difyve assume that the phonons are emitted into diiterent
ferent intermediate states was shown to be dependent up@honon modes, which we labg] andqs,, so that the initial

the relative energy position of the different dot levels and amnd final phonon states differ only in the number of phonons
increase of possible intermediate states does not lead tojd modesq, andq,,

simple increase in the capture rate. The influence of the dif-

Ly (A2

fo_ i
ferent discreteintermediate states on the total capture rate Ng,=Ng, +1, (A4)
was shown to depend strongly on the overlap of the radial foni 41 AS
wave functions of the intermediate and final states. It was "o~ Na, "+ (AS)
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vector of the first emitted phonon ¢, so that

ng, =ng,+1, (AB)
the transition matrix element frofn) to |v) is given by
Vo= (g K¢,V {ngh), (A7)
V= (N3 (L, Ch e A k) ), (AB)
Vo= \Jng, +1C% (¢, e k), (A9)

_ q
Vo= | /n'ql+ 1C§lM o
Correspondingly, the transition matrix element from) to
|f) is given by

(A10)

Vi, = g, +1C% (dle"2"|£,), (A1)
Vi, = w/n:qz+ 1c;2|v|?5. (A12)
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